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Abstract
Cycle-to-cycle variability is numerically simulated for high-speed, full-load operation of a turbocharged gasoline direct
injection engine. Large-Eddy simulation is adopted to replicate the fluctuations of the flow field affecting the turbu-
lent combustion. Experimental data were provided at knock onset, and large-Eddy simulation was validated for the
same condition. In the original engine configuration, the spark plug is displaced toward the exhaust side, while the
electrodes orientation is arbitrary. A 90 rotation is imposed to evaluate the effects of the aerodynamic obstruction
caused by the electrode with respect to the flow field and the flame kernel growth. A second speculative analysis is
performed modifying the position of the spark plug. The electrodes are shifted 2mm toward the intake side since
this variation is compatible with the cylinder head layout. For both variations in orientation and position, the effects
on the flow field around the spark plug are investigated. Statistical analysis is carried out on early flame kernel forma-
tion and knock tendency. The results highlight that the orientation of the electrodes affects the flow field for each
cycle but plays a negligible role on the statistical cyclic variability, indirectly justifying the lack of an imposed orienta-
tion. As for the spark plug position, the numerical analysis indicate that the shifting of the electrodes toward the
intake side slightly improves the knock limit mainly because of a reduction in in-cylinder peak pressure. In general, it
is inferred that improvements may be achieved only through a simultaneous modification of the fuel jet orientation
and phasing.
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Introduction
Engine flows and combustion are affected by non-
negligible variations between consecutive cycles. These
fluctuations, often referred to as cycle-to-cycle variabil-
ity (CCV), are responsible for both an increased diffi-
culty in the engine setup and calibration and a
decrease in the overall engine efficiency. The analysis
of CCV and the quest for its governing parameters
are among the most investigated topics in the internal
combustion engine (ICE) research community. The
relevance of CCV is becoming more important as the
recent trends of engine downsizing and fuel conver-
sion efficiency are pushing the target operating condi-
tions toward the limits of component resistance (from
a thermo-mechanical point of view) and stability of
combustion performance.
The reduction in CCV is very important to meet
the current and near-term requirements of tailpipe
pollutant emissions, fuel consumption and brake-
specific performance. Spark ignition (SI) engines have
been historically limited in the increase in thermal effi-
ciency by the onset of abnormal combustion events.
The most known and investigated of such abnormal
combustion events is knock, consisting of the sponta-
neous ignition of pockets of fresh charge before the
arrival of the main flame front. The severity of the con-
sequent damage to the solid components facing the
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combustion chamber motivates the need to avoid such
abnormal phenomenon. CCV of mixture composition
and flow structures induces cycle-to-cycle variations in
the combustion development and in pressure and tem-
perature levels within the unburnt gases, thus correlat-
ing with the stochastic nature of knock verified on
engine test-beds.
Extended reviews of CCV in engines have been car-
ried out in the past, such as Young1 and Ozdor.2 From
the numerical point of view, CCV analysis is one of
the major themes of interest, thanks to the relatively
recent industrial application of large-Eddy simulation
(LES). LES can give useful insight into flow instabil-
ities and mixture inhomogeneity cycle dependency.
Such capability is due to the intrinsic nature of the
LES modeling technique in which the large-scale flow
features are resolved on the computational mesh and
models are used just for small-scale flow structures
whose typical size is below the grid resolution. The
absence of the time-averaging approach used in the
Reynolds-averaged Navier–Stokes (RANS) tech-
nique makes LES a suitable tool for the analysis of
cycle-resolved flow instabilities such as knock, pre-
ignition and misfire.
These aspects made LES application to engine
flows an attractive research field in the last decades.
Haworth3 and Liu and Haworth4 presented LES results
on both an optically accessible engine and an axisym-
metric piston-cylinder assembly, for motored operating
conditions. Moureau et al.5 and Haworth and Jansen6
investigated the applicability of LES to unstructured
and deformed meshes as those typical of ICEs.
Combustion stability on a research port fuel injection
(PFI) SI engine was extensively reported by Granet
et al.7 and Thobois et al.,8 while similar studies on gas-
oline direct injection (GDI) engines were carried out in
Goryntsev et al.9,10 and Vitek et al.11 LES-devoted
combustion models were presented in Richard et al.12
and Vermorel et al.,13 and an experimental database
tailored to the boundary and initial conditions required
by engine LES was presented in Lacour and Pera.14
Rutland15 reviewed the present status and the future
perspectives of LES application to engine analyses,
focusing on turbulence, mixing, spray and combustion
model requirements for LES. A multi-cycle LES study
of the same engine presented in this article was
reported by Fontanesi et al.16
LES is applied in this article to the analysis of the
effects of small variations in both spark plug orienta-
tion and geometrical location on the level of CCV and
knock tendency. This is applied to a production turbo-
charged GDI engine operated at full load and high
engine speed. The aerodynamic interaction between the
electrodes and the in-cylinder flow field and the local
mixture quality are analyzed, and their impact on com-
bustion development and propagation is highlighted.
Modeling limitations of the currently adopted LES
framework are also discussed.
Investigated engine
The analyzed engine is a turbocharged V8 SI engine
whose computer-aided design (CAD) geometry is
reported in Figure 1 and whose main characteristics are
described in Table 1. The unit is currently under pro-
duction at Ferrari S.p.A.
The investigated condition is the 7000 r/min full-
load/peak power operating point for which extensive
experimental data are available. In particular, experi-
mental pressure and temperature traces were recorded
for 240 consecutive cycles for each of the cylinders,
intake and exhaust ports by means of fast-response
transducers. A fuel-rich mixture (F ’ 1.3) is generated
through the direct injection of gasoline during the
intake stroke by means of a seven-hole side-mounted
injector. Mixture formation and charge spatial distribu-
tion are controlled by a wall-guided strategy. Injection
Figure 1. CAD geometry of the cylinder with ports.
404 International J of Engine Research 16(3)
 by guest on March 24, 2015jer.sagepub.comDownloaded from 
starts at 400 CA and ends at 560 CA, that is, slightly
before the intake valve closure. The fuel used in the
experimental studies is a commercial RON98 European
gasoline. As described in the following section, the
most relevant chemical characteristics of the fuel in
terms of knock resistance are carefully reproduced in
the simulations.
The cylinder head contains a single spark plug,
which is placed in a non-central location toward the
exhaust side of the combustion chamber. In the experi-
mental studies, no preferential orientation for the spark
plug is adopted, hence the electrodes present a random
position relative to the in-cylinder flow.
The engine is run at the knock-limited spark advance
(KLSA) operating point, which is defined as the mini-
mum spark timing allowable where the vast majority of
cycles is not exceeding a given threshold knock intensity
as defined by the engine manufacturer. Any further
advancing of SI results in the onset of a moderate-to-
intense knocking regime.
In order to limit both the risk of knocking combus-
tion events and critical turbine-inlet temperatures, a
rich mixture is used at this operating condition. Despite
the intrinsic energetic inefficiency of this choice, it
proves to be successful in cutting down the knock ten-
dency due to the increased cooling caused by fuel eva-
poration and to the higher specific heat of the resulting
mixture. This limits the end-gas heating and related
autoignition (AI) pre-reaction rates. One drawback of
such a strategy is that the larger quantity of liquid fuel
needs a longer time to completely mix with the air and
form a mixture with a satisfactory homogeneity qual-
ity. Although no visualizations of charge distribution
are available, numerical analyses clearly show that the
very short time allowed for the mixing process because
the high engine speed leads to non-negligible fuel strati-
fication. This is still visible at the combustion start,
and cycle-to-cycle repeatability is extremely hard to
guarantee.
Numerical setup
Numerical analyses are carried out in the framework of
Star-CD v4.18, licensed by CD-adapco. The mesh for
the cylinder and valve motion is managed by the es-
ice plug-in, and the mesh used in the analyses is com-
posed of about 236,000 cells at top dead center
(TDC) (cylinder domain only) and about 1.5 million
cells at bottom dead center (BDC) (considering
cylinder and ports). The grid proved to be able to
meet the required level of resolution in terms of both
length scale and energy resolution,17 where the effect
of a mesh refinement in the spark region was also
evaluated. In this study, a uniform resolution grid is
adopted in the spark plug region, and the grid
details on Spark Plug S0 are shown in Figure 2(a).
The fully meshed geometry is maintained in order to
simulate the flame–electrode interaction as shown in
Figure 2(b).
The combustion model used is the extended coherent
flame model for large-Eddy simulation (ECFM-
LES),12,13 which is suitable for LES combustion analy-
ses due to dedicated treatments for both resolved and
subgrid terms for flame surface density (FSD). The
combustion model is coupled with the arc and kernel
tracking ignition model (AKTIM)-Euler model for SI.12
This model is based on the imposition of a Gaussian
profile of partially burnt gases at the prescribed ignition
location, and then, the progress variable and FSD dis-
tributions are initialized in the domain. The initial prog-
ress variable follows equation (1)
c ~x, tð Þ= c0
2
1 tanh ~x~xspk
 
rk
 
ð1Þ
In equation (1), c0 is a tuning constant, which is kept
identical for all the combustion realizations presented
here. The laminar kernel radius rk is calculated based
Figure 2. (a) Computational mesh for Spark Plug S0 and (b)
flame–electrode interaction at TDC.
Table 1. Main characteristics of the investigated engine.
Bore 86.5mm
Stroke 80.8mm
Displacement ’3800 cm3
Compression ratio 9.6
Intake valve timing IVO=364CA, IVC= 620CA
Exhaust valve timing EVO=140CA, EVC= 372CA
IVO: intake valve opening; CA: crank angle; IVC: intake valve closing;
EVO: exhaust valve opening; EVC: exhaust valve closing.
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on the laminar flame thickness dL and on the ratio of
burnt and unburnt mixture temperatures (respectively
Tb and Tu), and it is given by equation (2)
rk=15  dL  Tb
Tu
ð2Þ
The model is relatively simple since it omits a variety
of electric phenomena acting at SI such as arc elonga-
tion, spark re-striking and heat loss to the electrodes.
This is due to the absence of a dedicated Lagrangian
treatment typical of the original AKTIM model,18 in
order to avoid the multiple FSD initializations from the
Lagrangian particle kernels.
As for flame propagation, the gasoline fuel is mod-
eled as a C7H13 fuel surrogate, following the gross com-
position of the actual fuel. A specific treatment is used
regarding the AI quality of the fuel as described later in
this section.
The turbulence is modeled using a subgrid scale visc-
osity according to the static Smagorinsky model,19
where a Cs=0.202 constant is used.
Time-dependent pressure and temperature boundary
conditions at the ports are derived from a tuned one-
dimensional (1D) model provided by the engine manu-
facturer. In particular, the instantaneous pressure trace
is validated against the ensemble average pressure trace
from crank-resolved experimental data. As it was
shown in a previous work,20 the use of a phase-averaged
periodic signal with respect to that of experimental
traces had only a marginal effect on the variability of
the in-cylinder phenomena. The use of phase-averaged
periodic conditions (derived either from experiments or
from well-established and calibrated 1D models of the
whole system) instead of cycle-specific conditions is a
logical choice for industrial applications. Component-
specific uniform wall temperatures derived from a tuned
1D model provided by the engine manufacturer are
imposed on the combustion chamber surfaces. Fuel
injection is modeled by means of a previously calibrated
model of the seven-hole injector.21 The validation is
reported in Figure 3, where primary breakup is user-
coded and the secondary atomization is modeled
according to Reitz and Diwakar.22 The spray cone
angle, flow rate and morphology are kept identical in
all cycles, although Goryntsev et al.23 showed that the
variability in fuel injection is an additional factor indu-
cing combustion CCV.
Wall heat transfer is accounted for by the
Angelberger model.24 The model is chosen for its relia-
bility in the simulation of in-cylinder wall heat fluxes,
even though the authors recognize that the absence of a
proper LES wall heat transfer model is one of the main
limitations of the presented analysis.
Since the engine operation is at the very edge of
knock, possible AI inception must be carefully
addressed. A user-coded approach for AI based on the
concept proposed by Lafossas et al.25 is implemented
within the LES framework. It is based on a precursor
species concentration (called YIG), whose rate of forma-
tion is driven by the AI delay. The variable YIG is not
an actual chemical species; instead, it is a fictitious pas-
sive and transported scalar used to give a comprehen-
sive and synthetic representation of all the pre-ignition
intermediate species. A comparison between YIG and
the local fuel concentration, YTF, is carried out in each
fluid cell at every iteration. When the YIG concentration
equals the YTF, knock is triggered and a FSD source
term is created following the study by Lafossas.25
The AI precursor species is calculated by using an
indexed look-up table, internally coded at University of
Modena and the Engine Research Center.26 The table
stores information from more than 25,000 constant
pressure AI reactors, covering the entire range of
equivalence ratio, pressure, temperature and exhaust
gas recirculation (EGR) concentration that are verified
in the unburnt mixture. The ranges adopted for the
look-up table are as follows: 5–205 bar (10 bar step)
for pressure, 0.4–3 (0.2 step) for equivalence ratio, 600–
1300K (25K step) for temperature and 0%–5% (2.5%
step) for EGR mass fraction. The chemical mechanism
used for the chemistry simulations is the 138-species
semi-detailed mechanism from Andrae and Head27 for
a toluene reference fuel (TRF). The reactant blend is
provided by the fuel supplier in order to match the
Research Octane Number (RON)/Motor Octane
Number (MON) quality of the real fuel, that is,
RON=98/MON=84. This modeling treatment is
used to model the knock tendency aspect of the fuel
Figure 3. (a) Spray penetration and (b) fuel injection. Piston
shape is omitted due to confidentiality.
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model. At the operating conditions studied, the nega-
tive temperature coefficient (NTC) behavior of the
actual gasoline is extremely limited. Given the absence
of two-stage AI events in the constant pressure simula-
tions, a single-stage AI behavior is used in the
simulations.
As noted before, there is not a preferential electrode
orientation in the engine experiments. In the computa-
tional fluid dynamics (CFD) simulations presented
here, the baseline spark plug (Spark Plug S0) is modeled
with a downstream J-electrode with respect to the
intake flow, and it is mounted in the same location as in
the actual engine (Figure 4(a)). A re-orientation of the
electrode is then examined. In the Spark Plug S1 config-
uration, the plug is in the same location as Spark Plug
S0 but the plug is rotated so that it presents a crosswind
J-electrode (Figure 4(b)). In addition, a re-location of
the baseline spark plug is proposed (Spark Plug S2,
Figure 4(c)), with again a downstream J-electrode but
in a position closer to the intake valves. For all the con-
figurations, the spark plug electrodes are fully meshed
in order to properly take into account wind-effects and
the interaction with the surrounding flow patterns.
A multi-cycle analysis was previously carried out for
this engine, as described in Fontanesi et al.20 In the cur-
rent activity, only the closed-valve portion of each cycle
is considered, as the focus of the study is on ignition,
combustion and knock. To this aim, a re-mapping of
the flow on the new computational grid for the three
different electrode configurations is carried out at the
beginning of the compression stroke, in order to allow
the flow field a sufficient time to adapt to the changes
in the geometrical features of the combustion chamber.
The authors assume that in this way, the interaction of
the fluid flow with the specific spark plug orientation/
position is sufficiently accounted for even in the absence
of complete full-cycle simulations. This assumption is
motivated by the interest of the analysis on local flow
details in the spark plug region. However, a complete
full-cycle activity with the spark plug configurations
presented is under development to confirm the reduced
impact of their variation on large-scale flow characteris-
tics. This is repeated for each modeled cycle and each
spark plug configuration. This technique results in a
large saving of the computational cost, as several com-
bustion simulations can be carried out in parallel. Each
analysis requires about 24 CPU hours on a 32-core
Linux cluster. A set of 60 combustion realizations (20
for each spark plug configuration) are performed. The
statistics presented in this study use these collections of
20 samples (i.e. 20 cycles). Even though this is a rather
limited number of samples for converged statistics, it
constitutes a sufficient collection of data to evaluate dif-
ferent combustion behaviors.
The results are presented in the following two sec-
tions. In the first, LES combustion results and knock
tendency for the simulated cycles are presented for each
spark plug configuration. In the second one, the whole
set of combustion cycles are considered in a search for
the causes for CCV.
Results and discussion
Validation with experiments at KLSA
Combustion behavior is validated for a population of
20 LES combustion cycles at KLSA against experi-
mental acquisition for 240 cycles. Extended descrip-
tion of the current combustion simulation framework
is given in Fontanesi et al.16,17,20,26,28 and it is briefly
reviewed here.
In Figure 5, the 20 LES combustion cycles are
reported with respect to pressure traces from the experi-
ments. It can be observed that despite the large varia-
tion indicated by the extreme experimental cycles, the
region of highest pressure probability is identified in
Figure 5(a) as those containing the cycles within 1 stan-
dard deviation (SD) of pmax from the ensemble average
pmax value. The 20 LES combustion cycles (Figure
5(b)) are in good agreement with the region of highest
Figure 4. (a) Spark Plug S0 (side view), (b) Spark Plug S1 (front
view) and (c) Spark Plug S2 (side view). Tumble ratio (TR)
orientation is reported for tumble-normal spark plug
orientations (S0 and S2).
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probability of CCV. A small bias in the upper portion
of pressure levels is visible probably due to the rela-
tively simple modeling of the SI and subsequent early
flame kernel development. This model is based on the
deposition of a fully resolved flame kernel and it impli-
citly introduces a degree of stiffness in the very early
flame onset, leading to similar and successful ignition
events. Since the activity focuses on the aerodynamic
effect and geometrical location of the spark plug, the
kernel initiation is not considered as a critical factor.
Ignition is the same for all the spark plug configura-
tions, so that CCV is to be attributed to the sole inter-
action between the early combustion propagation and
the cycle-dependent flow field (both resolved and
turbulent).
The operating point is indicated as the knock-limited
cycle (KLSA) by the test-bed evidence. The incipient
knock condition is in excellent agreement with the LES
simulations for the same spark advance (SA). This is
shown by the heat release rate in Figure 6(a), which is
free of sharp fluctuations in its final stage indicating
low knocking conditions. This is confirmed also by the
ratio of the heat released by AI with respect to the total
heat released during the cycle, which is reported in
Figure 6(b).
In the simulations, the SA is increased by 3 CA
(KLSA + 3 condition, Figure 7) with the purpose of
moving the operating point into a light knocking
regime. Note the different scale from Figures 6(b) to
7(b) that indicates a significant change in AI severity
when moving to the increased SA condition.
The following analyses on spark plug orientation
and position are carried out on the KLSA + 3 config-
uration, in order to better evaluate the effects of elec-
trode mounting and position on the knock tendency of
the engine.
Spark plug orientation
The same 20 spark-advanced LES combustion cycles
are simulated with the baseline spark plug orientation
(S0, downstream electrode) and with the J-electrode
rotated by 90 (Spark Plug S1, crosswind electrode).
The S0 results are shown in Figure 7, and the S1 results
are reported in Figure 8 and Table 2. In Figure 8(b), it
is evident how the S1 combustion pattern exhibits pres-
sure peaks generally lower than the corresponding S0
cycles. Also, the general trend of high- and low-pressure
cycles is preserved when moving from Spark Plug S0 to
S1: this is due to the adoption of the same set of initial
conditions at intake valve closing (IVC). Even if the
flow field interaction with the spark plug details is dif-
ferent for the S0 and S1 plugs, the bulk characteristics
of the flow structure for a given cycle are the same. A
more comprehensive framework is given by the ensem-
ble average and coefficient of variation (CoV, that is,
the SD divided by the mean value) of the most relevant
pressure-related indicators, reported in Table 2. The
crosswind spark configuration S1 confirms the globally
lower pressure levels; a very modest gain in combustion
stability is also measured, even though the almost negli-
gible difference in CoV and the limited number of sam-
ples make it difficult to address further considerations.
A deeper analysis of the flow field in the spark plug
region is carried out using probability density functions
(PDFs) of velocity distributions in a spherical region
within 5mm from the ignition point. Data are calcu-
lated as mass-averaged values and they are extracted at
spark time. The distribution of the two velocity compo-
nents of tumble motion (u and w, as indicated in Figure
4) is illustrated in Figures 9 and 10, and the statistics
are reported in Table 3. It is clear that large differences
in the local flow exist between consecutive cycles, in
particular for the u-component. However, the velocity
distributions are similar between Spark Plugs S0 and
S1.
Figure 5. (a) Experimental in-cylinder pressure at KLSA.
Highlighted are the cycles within 1 standard deviation from the
mean cycle (red thick lines) and the cycles within this range
(gray thin lines). Data are obtained with random spark plug
orientation. (b) LES in-cylinder pressure results at KLSA.
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Considering knock tendency, the percentage of heat
released by AI is compared for the S0 and S1 spark plug
orientations for the same KLSA + 3 SA (Figure 11).
The fraction of heat released by AI is similar for the
two configurations, although differences in individual
cycles can be observed. The light knocking regime is
not altered by the rotation of the spark plug J-electrode,
and this confirms that in this operating condition the
spark plug orientation is not a dominant factor driving
the combustion stability.
Spark plug location
A re-location of the spark plug is then proposed as a
speculative investigation to evaluate effects on combus-
tion effectiveness and regularity. The electrodes are
shifted 2mm toward the intake side of the combustion
chamber (Spark Plug S2). This translation is chosen to
be compatible with the current cylinder head configura-
tion and does not interfere with the valve seats. The rea-
son for choosing this displacement is the faster burn
rate on the exhaust side of the combustion chamber
which is observed for this operating condition. This was
found using a set of numerical temperature probes reg-
ularly distributed close to the cylinder liner. These were
used to associate the flame arrival at the walls with a
sharp temperature increase in the simulations. For both
KLSA and KLSA + 3 conditions, an advance in flame
propagation as large as 8 CA was observed for the
exhaust side in a previous numerical study of the same
engine and operating condition.25 The translation of
the ignition point toward the intake side is investigated
as a countermeasure for this unbalance. The spark elec-
trode orientation is the same as the baseline case (Spark
Plug S0), that is, downstream of the intake flow. In
Figure 12 and Table 4, the combustion results for
Figure 6. (a) Heat release rate for Spark Plug S0 combustion cycles at KLSA; highlighted are the highest pmax cycle (thick red line)
and the lowest pmax cycle (dashed blue line). (b) Fraction of heat released by autoignition for the same.
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Spark Plug S2 compared to baseline Spark Plug S0 are
reported. As described before, the use of the same initial
conditions (even if at IVC) for the 20 cycles leads to a
similar distribution of high- and low-pressure cycles.
The effect of the specific spark plug configuration must
be analyzed within this conceptual framework.
Generally, lower pressure levels are obtained for the
new spark plug location, that is, Spark Plug S2. This is
due to the use of the same injection orientation and
phasing for such different spark location, which results
in an average value of laminar fame speed sL at spark
which is 2.4% lower than that of the baseline Spark
Plug S0. The spherical observation region is moved
accordingly with the new spark plug location for S2,
so that the values are unaffected by the spark plug re-
location. A spray re-design should be carried out in
order to properly cope with the new ignition location,
although this is beyond the scope of this article. In addi-
tion to the reduced pressure levels, the combustion pat-
tern appears slightly more irregular, with an increase of
about 14% in CoV of peak pressure. These observa-
tions depict Spark Plug S2 as the least favorable
Figure 7. (a) Heat release rate for Spark Plug S0 combustion cycles at KLSA + 3; highlighted are the highest pmax cycle (thick red
line) and the lowest pmax cycle (dashed blue line). (b) Fraction of heat released by autoignition for the same.
Table 2. Mean and CoV of peak pressure for Spark Plugs S0 and S1.
Mean peak pressure (bar) CoV peak pressure (%)
Spark Plug S0 (baseline) 105 4.09
Spark Plug S1 103.2 4.04
CoV: coefficient of variation.
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configuration of the three examined. Once again, the
reduced population of cycles and the amplitude of the
variation makes it difficult to state whether S2 config-
uration may cause an increase in CCV levels.
For completeness, the knock intensity for Spark
Plug S2 is analyzed. This appears as reduced with
respect to Spark Plug S0 (Figure 8), although this is a
direct side-effect of the decrease in-cylinder pressure
levels.
Search for CCV causes. An examination to determine the
factors causing CCV differences in the three spark con-
figurations is carried out. The correlation between the
crank angle (CA) at which 50% of the fuel mass is
consumed (MFB50) and peak pressure is very strong
for all the configurations. This is shown in Figure
13(a), where a group of S0 cycles is visible in the higher
leftmost portion of the graph (faster and higher peak
pressure) while S1 and S2 cycles are located more
toward the lower right area (slower combustion and
lower pressure). The confirmation that MFB50 is
closely related to the peak pressure value for each indi-
vidual cycle is provided by the Pearson correlation coef-
ficient r. This coefficient ranges from 0 (no correlation)
to 61 (perfect positive/negative correlation), and it is
defined as the ratio between the covariance between X
and Y variables (sXY) normalized by the product of
their respective SDs sx and sy (equation (3))
rXY=
sXY
sXsY
ð3Þ
In this work, the X variable is the peak in-cylinder pres-
sure, while the Y variable will vary accordingly to the
analyzed phenomenon.
The fluctuation of MFB50 is not a root cause for
combustion CCV, as it can be caused by a variety of
primary factors (e.g. flow or mixture details at spark,
local and global turbulence levels). It is then interesting
Figure 8. (a) Heat release rate for Spark Plug S1 combustion
cycles at KLSA + 3; highlighted are the highest pmax cycle (thick
red line) and the lowest pmax cycle (dashed blue line). (b) The
pmax values for the Spark Plug S0 and S1 configurations.
Figure 9. u-Velocity distribution at spark time in a spherical
region (radius = 5mm) centered at ignition point: (a) Spark Plug
S0 and (b) Spark Plug S1.
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to further seek where CCV of peak pressure arises and
what are its causes. The relationship between MFB10
(crank angle at which 10% of fuel mass is burnt) and
maximum pressure is reported in Figure 13(b), and
lower correlation coefficients are found. This indicates
that a reduced value for MFB10 may be a probable
cause for a high-pressure cycle. However, a clear corre-
lation cannot be identified. These results are similar to
those reported by Koch et al.29 on a similar multi-cycle
LES analysis of a PFI engine operated at a lower engine
speed.
Motivated by these results, a variety of phenomena
related to ignition are investigated as candidate causes
for CCV of peak pressure. A correlation analysis activ-
ity is carried out, and the results are reported in Figure
14 for all the three spark plug configurations.
The MFB5 (crank angle at which 5% of fuel mass is
burnt), MFB10 and MFB50 confirm the previous
observations, with correlation coefficients increasing
from about 0.6 for the MFB5 up to 0.95 for the
MFB50. All the configurations give comparable results,
confirming that the use of the burnt fraction as the
independent variable includes the effects of spark plug
configuration (i.e. orientation and/or location).
Moving to variables related to the ignition/early
flame phenomena, a reduced positive dependence on
laminar flame speed at spark is observed. Moreover,
such a relationship is notably lower for crosswind-
oriented spark plug S1 than for the downstream config-
urations (S0 and S2). This simply supports the concept
that flow realizations with larger burning velocities at
spark time will produce higher peak pressure cycles.
Due to the non-linear dependence of laminar flame
speed on equivalence ratio, the following discussions
consider the local equivalence ratio as the independent
variable.
The resolved velocity magnitude at the spark plug
shows a negative correlation with peak pressure, stating
that a moderate flow field during ignition is more favor-
able to the development of a high-pressure combustion
event. The magnitude of the Pearson correlation coeffi-
cient suggests also that the intensity of the resolved flow
field plays an important role in the propagation of the
flame front.
Finally, the presence of a well-organized tumbling
vortex shows a positive, although small, correlation
with peak pressure. This is indicated by the tumble
ratio (TR), measured at spark time as the ratio between
the angular momentum of the swirl flow divided by the
engine angular velocity (equation (4)). The positive sign
for TR is attributed to the main rotating flow structure
created by the intake charge. This implies anti-
clockwise rotation in Figure 4 (a)–(c)
TR=
P
cells
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 
ui  xi  xcentre ofmass
 
wi
 
2p N
60
 P
cells
mi zi  zcentre ofmass
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The correlation analysis indicates that high peak
pressure cycles are favored by large TR, although this
last does not emerge as a leading factor. Residual levels
are not considered in the present analyses due to the
good scavenging efficiency at such high engine speed
Figure 10. w-velocity distribution at spark time in a spherical
region (radius = 5mm) centered at ignition point: (a) Spark Plug
S0 and (b) Spark Plug S1.
Table 3. Mean and RMS velocity of tumble velocity components in the spark region.
Mean velocity (m/s) RMS velocity (m/s)
u-Velocity (Spark Plug S0) 223.5 20.1
u-Velocity (Spark Plug S1) 221.0 23.2
w-Velocity (Spark Plug S0) 1.1 7.8
w-Velocity (Spark Plug S1) 1.2 7.6
RMS: root-mean-square.
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conditions, with less than 1% concentration of burnt
gas from the previous cycle.
From Figure 14, it is clear that none of the phenom-
ena related to ignition, if individually considered, have
a dominant influence on the occurrence of a high-
pressure cycle. This indicates that the pressure history
of each cycle is governed by a complex interaction
between these factors, rather than by a single factor.
Therefore, the combined interplay of velocity magni-
tude and equivalence ratio at spark is investigated in
Figure 15. All the combustion cycles from the three
configurations are represented. The reason for this is
outlined in section ‘‘Numerical setup,’’ here briefly
recalled. The same set of 20 cycle-resolved initial condi-
tions shortly after IVC is adopted for all the three spark
plug configurations. At IVC, and for a given cycle, a
unique flow realization is applied irrespective of the
specific spark plug configuration. However, as the flow
interacts with the spark plug geometry and the resulting
combustion occurring from a cycle-specific simulation,
the whole sample of 60 combustion realizations can be
considered as a collection of independent combustion
events. The peak pressure is kept as the observed vari-
able. The majority of combustion realizations occurs
from conditions at spark that are characterized by
equivalence ratios between 1 and 1.3, as a consequence
of overall rich mixture and velocity magnitudes from
less than 10m/s to almost 60m/s.
Figure 15 plots equivalence ratio at spark timing and
location versus velocity magnitude at the spark loca-
tion, and colored bar denotes the peak pressure level.
Two distinct areas can be identified: high-pressure and
low-pressure cycles. The high-pressure cycles are identi-
fied in the region bounded by velocities at spark from 5
to 35m/s. A large fraction of the combustion events ori-
ginated from these conditions result in a high-pressure
cycle. This confirms the good ignition tolerance of the
rich mixture, which CFD simulation predicts as being
Figure 11. Percentage of heat released by autoignition for Spark Plug S0, Spark Plug S1 and Spark Plug S2.
Figure 12. (a) Heat release rate for Spark Plug S2 combustion
cycles at KLSA + 3; highlighted are the highest pmax cycle (thick
red line) and the lowest pmax cycle (dashed blue line). (b) The
pmax values for the Spark Plug S0 and S2 configurations.
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able to produce successful flame ignitions for a wide
range of flow conditions.
A second region is for low-pressure cycles and occurs
for high velocities at spark. This is bordered by veloci-
ties between 35 and 60m/s. SIs at such conditions cor-
relate with low-pressure cycles.
As observed from Figures 8(b) and 12(b), there is a
general tendency of the peak pressures to follow the
same pattern from cycle to cycle for the three spark
plug configurations. This is expected because of the re-
mapping technique used for this study, and the favor-
able or adverse flow conditions that are preserved when
different spark configurations are analyzed. The flow
structures and the resulting flame development are illu-
strated in Figure 16 for Spark Plug S0, Figure 17 for
Spark Plug S1 and Figure 18 for Spark Plug S2. These
show the flow field during early combustion develop-
ment for the slowest and fastest flow patterns for each
spark plug configuration.
The analysis of the slow-flow-speed cycles (Figures
16(a), 17(a) and 18(a)) suggests that with all the spark
plug configurations, the lack of a strong preferential
flow stream allows the ignited kernel to spread toward
both the intake and the exhaust sides. As expected, the
flow field at the periphery of the enflamed region is
responsible for the convection of the reaction zone
Figure 13. (a) Relationship between MFB50 and peak pressure for S0 cycles (r =20.978), S1 cycles (r =20.985) and S2 cycles
(r =20.980). (b) Relationship between MFB10 and peak pressure for S0 cycles (r =20.610), S1 cycles (r =20.541) and S2 cycles
(r =20.561).
Figure 14. Histogram of correlation coefficients for several combustion indicators and ignition variables.
Table 4. Mean and CoV of peak pressure for Spark Plugs S0 and S1.
Mean peak pressure (bar) CoV peak pressure (%)
Spark Plug S0 (baseline) 105 4.09
Spark Plug S2 102.5 4.67
CoV: coefficient of variation.
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Figure 15. Scatter plot of peak pressure as a function of velocity magnitude and equivalence ratio at spark for Spark Plugs S0, S1
and S2. Color bar denotes the peak pressure level.
Figure 16. Flow field (vector field) and flame front (eight iso-
contours of progress variable, from 0.44 to 0.58, step 0.02) on a
cross section at 210 CA after top dead center (aTDC) for
Spark Plug S0: (a) slowest velocity at spark (Cycle no. 3) and (b)
fastest velocity at spark (Cycle no. 15).
Figure 17. Flow field (vector field) and flame front (eight iso-
contours of progress variable, from 0.44 to 0.58, step 0.02) on a
cross section at 210 CA aTDC for Spark Plug S1: (a) slowest
velocity at spark (Cycle no. 12) and (b) fastest velocity at spark
(Cycle no. 15).
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through a wider volume of unburnt gases, again due to
the lack of a preferential direction. This peripheral flow
is particularly efficient in Spark Plug S1, where no
obstruction from the J-electrode is present and flame is
free to develop on the intake side. Spark Plug S2 is less
affected by this peripheral flow structure due to its dif-
ferent location, and hence the flame is not transported
on the intake side, this being a possible explanation for
lower pressure levels.
The analysis of the fast-speed cycles shows, conver-
sely, reduced enflamed areas for the same CA, as visible
in Figures 16(b), 17(b) and 18(b). This is particularly
true for the intake side of the combustion chamber for
all the spark configurations, due to the intense flow
structures pointing toward the exhaust side. A general
weakness in flame propagation is therefore observed on
the intake side, where no spark configuration succeeds
in developing any flame. Note that the apparent flame
fragmentation in Figure 16(b) is a visual effect of multi-
ple flame iso-surfaces around 50% (exact values are
reported in figure caption) resulting from the cutting
plane. For Spark Plug S1, the flame is noticeably
skewed toward the exhaust side, thanks to the unob-
structed residual tumble flow, while Spark Plug S2
shows a flame area which is still enclosed within the
spark geometry.
Despite the differences in flow conditions at spark,
all the simulated cycles are successfully igniting and no
misfiring events are simulated. This can be due to a
variety of factors. The first is the rich mixture used at
this operating point. This ensures a successful ignition
in all the cycles, as confirmed by the experimental
absence of misfiring events. This factor limits the CCV
of mixture quality at the spark plug and all the cycles
(i.e. the mixture realizations) exhibit a good ignitability
quality. Second, the availability of experimental data at
such a high engine speed is not an ideal condition for
CCV analyses, as the extremely high turbulent flow
field ensures good combustion histories for a variety of
flame kernel developments. Finally, the use of a rela-
tively simple ignition model (AKTIM-Euler), based on
an energy deposition concept to model SI, can consti-
tute a limiting factor in such a comparative analysis of
spark plug configurations. The evaluation of more
refined ignition models such as Imposed Stretch Spark
Ignition Model (ISSIM)-LES,30 which is based on an
initialization of the FSD field from its very early stages
due to a specific subgrid treatment, is currently under
investigation. Future studies will include dedicated grid
refinements in the spark plug region.
Conclusion
A multi-cycle LES combustion study on a production
turbocharged GDI highly downsized SI engine is pre-
sented. Three different spark plug configurations are
examined to determine whether an improved configura-
tion for reduced CCV can be identified. The baseline
downstream spark plug is first re-oriented (90 rotation)
and then shifted toward the intake side.
For the reference downstream J-electrode, the vali-
dation with the experimental KLSA condition is veri-
fied, then knock onset is promoted by advancing the
spark time by 3 CA. On this knocking operating point,
the combustion stability and knock tendency of the re-
oriented Spark Plug S1 and of the re-located Spark
Plug S2 are evaluated.
The results from the LES analyses for the two model
modifications indicate the following:
 The simple re-orientation of the spark plug elec-
trode, and therefore the aerodynamic interaction of
the electrodes with the surrounding flow patterns,
does not introduce statistically significant combus-
tion variations. There is a slight decrease in average
pressure levels counterbalanced by a modest gain in
combustion stability. This is a confirmation of the
experimental practice in which there is no preferred
orientation for the spark plug.
Figure 18. Flow field (vector field) and flame front (8 iso-
contours of progress variable, from 0.44 to 0.58, step 0.02) on a
cross section at 210 CA aTDC for Spark Plug S2: (a) slowest
velocity at spark (Cycle no. 4) and (b) fastest velocity at spark
(Cycle no. 15).
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 The modification of the spark plug position,
although apparently justified by the observation of
flame propagation, unexpectedly resulted in reduc-
tions in both peak pressure levels and combustion
stability. This suggests that the spark plug was
moved into a non-favorable location for ignition.
Thus, modification of the spark plug position
should be accompanied by targeted changes in the
injection phasing and orientation, especially for the
analyzed combustion chamber architecture (wide-
spacing/wall-guided).
For each investigated set of engine cycles and for
each spark plug configuration, various correlation-
based analysis methods were used to try to find possi-
ble interdependencies between the predicted CCV level
and the in-cylinder flow patterns. In particular, the
Pearson correlation coefficient identified a positive cor-
relation with the resolved flow velocity at spark. The
analysis was shifted to the interplay between local
resolved velocity and equivalence ratio at the spark
plug, and it emerged that high peak pressure cycles are
mainly characterized by flow velocities at spark plug
below an upper threshold of about 35m/s, while fuel
enrichment guarantees mixture ignitability for all the
flow realizations.
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Appendix 1
Notation
YIG autoignition precursor species
concentration
YTF fuel tracer concentration
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